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It has been repeatedly observed t h a t  temperature reduction E se is ra re ly ,  

if ever, l e t h a l  t o  living systems and t h a t  it is €he c r y s t a l l i m t f o n  of water t o  

i c e  that is responsible fo r  the in jury  associated w i t h  very low temperature. So 

- 
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it is  not unreasonable t ha t  the emphasis of cryobiology i n  the past  has been pr i -  

m r i l y  concerned w i t h  the i ce  crystal:  w i t h  its formt ion ,  growth, location and 

i t s  response t o  var ia t ions i n  cooling r a t e  and the solutions from which it i s  grown. 

However, there  have always been many examples of the survival of cells despite 

extensive crystaElization, cast ing doubt on the assumption t h a t  injury from freezing 

is  l a rge ly  mechanical- The f a c t  t h a t  the freezing out  of water r e s u l t s  i n  a con- 

centrat ion of solutes  has a l so  been long appreciated and many invest igators  have 

proposed t h a t  it i s  this concentration rather  than the physical presence of ice 

c rys t a l s  which r e s u l t s  i n  injury.  

umented is the  study by Lovelock‘l’who proposed the concentration of e lec t ro ly tes  

Perhaps the best known and most thoroughly doc- 

a s  a cauee of in jury  to erythrocytes, L i te ra ture  reviews which attempt t o  eorre- 

l a t e  c e l l  in jury  w l t h  dehydration have not, however, revealed i n  general a good 

correlst5on between the  percent of water frozen out and in jury  t o  the organism. 

Our s tudies  of freezing injury have nevertheless k d  xe to  an increasing con-/ 

Since it i s  w e l l  v ic t ion that dehydration i s  the  primary cause of freezing injury,  

known tha t ,  once a poten t ia l ly  injurious freezing temperature has been reached, 

in jury  of ten proceeds a t  a temperature dependent rate, w e  f e l t  that the lack of 

cor re la t ion  between dehydration and injury might w e l l  r e s u l t  from the  f a c t  t h a t  

the ultimate degree of in jury  w i l l  depend not only on the extent of dehydratfon 

but on the time-temperature dependent processes which subsequently develop- 

our calorimetric s tud ies  of the relationship between dehydration and in jury  w e  

I n  

have, therefore,  chosen as our end point the  temperature of freezing j u s t  short  of 

that which produces demonstrable injury. We have termed this the  temperature of 

incipient  injury.  
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Our measurements of the degree of dehydration have been made calorimetrecally 

using a continuous recording calorimeter designed and constructed i n  our laboratory ( 2  1 

This instrument introduces o r  removes heat a t  a known rate so that the t e q e r a t u r e  

change of a specimen of lmown mass enables a calculation of the proportion of 

energy u t i l i z e d  i n  phase change and, therefore, the proportion of f ee  formed. 

This apparatus was i n i t i a l l y  applied t o  a study of two species of mollusks, one 

of which,Lqtilus edulfs is i n t e r t i d a l  w i t h  a temperature of incipient  injury of 

-10' C, the other,  - Venue mereenaria, a sand dweller w i t h  a temperature of incfp- 

i e n t  in jury  of -6' C. Ihe percentage of water frozen out  a t  these temperatures 

of  inc ip ien t  in jury  was 66$ and 65s respectively f o r  these two species, despite 

the subs tan t ia l  differences i n  temperature. A subsequent measurement fo r  human 

erythrocytes demonstrated t h a t  a t  -3' C, t h e i r  temperature of inc ip ien t  injury,  

654 of the  water of a packed c e l l  preparation was frozen out. 

__p 

lhese preliminary experiments l e n t  support t o  our convictions t h a t  freezing 

in jury  i s  associated with dehydration or,  put i n  a d i f fe ren t  way, t h a t  a minimum 

quantity of unfrozen water is essent ia l  f o r  c e l l  survivalo 

va l id  conclusion, then some m i n i m  quantity of unfrozen l i qu id  should be demon- 

However, if t h i s  is a 

s+,sl-.l uLuuAG .. in sll cellti which survive freezing. i n  looking f o r  su i tab le  c e l l s  other  

than those of the mollusk i n  which this hypothesis might be tested,  w e  were 

a t t r ac t ed  t o  further experimentation with the human erythrocyte s ince t h i s  c e l l  

i s  capable of survival following rapid freezing i n  the absence of cryoprotective 

agents although it is hemolyzed by slow freezing and by u l t ra rap id  freezing. 

thermore, c e l l a  which survive rapid freezing to -lOOo C or  below are promptly 

hemolyzed by subsequent exposure t o  temperatures above -50 C, Brythrocytes 

rap id ly  frozen i n  l i qu id  nitrogen were therefore compared calorimetrfcaPly with 

an a l iquot  which had, i n  addition, been cycled to -20' c", 

Fur- 

0 

In  confirmation of our - 
prediction, nearly 2 6  of the  freezsble water 

w a s  found to have remained unfrozen while, i n  

content of the i n i t i a l  preparation 

that which had been exposed to 
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-20' C, no unfrozen water was detected. 

velopment of an hypothesis f o r  the  mechanism of freezing in jury  through dehydration. 

Since, i n  cryobiology, the mammalian erythrocyte has  h e m  the most. ext,ensively 

This evidence has supported us i n  the  de- 

- .  

studied of a l l  animal cells and presents the most varied and troublesome contradic- 

t ions  i n  i t s  response to freezing, our hypothesis i s  presented here i n  terms of the 

human erythrocyte. The following a re  the pr inc ip le  phenomena which the hypothesis 

must explain: 

1. Slow cooling w i l l  produce complete hemolysis i n  unprotected c e l l s .  

2. A compound such as glycerol which w i l l  penetrate the c e l l  membrane, 

hydrogen bond w i t h  water and prevent it from freezing, and which i s  non-toxic to 

the c e l l ,  w i l l  reduce in jury  from s l o w  freezing. A concentration of about 3 molar 

w i l l  be f u l l y  protect ive a t  all temperatures. 

Rapid cooling (around 50 0 3. C per second) permits the survival of about 

85% of unprotected c e l l s .  

4. Non-penetrating agents such as PVP, lactose and sucrose do not pro tec t  

against  slow freezing but will increase the recovery of c e l l s  following rapid 

freezing and render the freezing rate less  demanding. 

5 .  Ultra-rapid cooling a t  r a t e s  of' several  hundred degrees per second w i l l  

produce complete hemolysis. This freezing rate has a l so  been shown t o  cause 

in t r ace l lu l a r  i c e  formation. 

6 .  Both penetrating and non-penetrating cyroprotective agents reduce the 

rate of u l t ra - rap id  cooling which w i l l  cause hemolysis. 

7 .  When in jury  i s  prevented by rapid freezing, with o r  without addi t ive,  
0 thawing must be rapid.  

p l e t e  hemolysis. 

B r i e f  exposure t o  temperatures above -60 C produce com- 

Our hypothesis f o r  in jury  i s  based on the  assumption t h a t  dehydration beyond 

a cer ta in  l eve l  i s  the primary cause of injury.  ?he manner i n  which d i f f e ren t  

freezing rates and the  pesence  of addltives e f f ec t  dehydration i s  proposed t o  

be as follows: 
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. Injury From Slow Freezing: Since an i c e  c rys t a l  nucleus cannot grow unless 

i t s  radius  of curvature exceeds a c r i t i c a l  value which i s  d i r ec t ly  proportional t o  

temperature, the probabili ty of a crys ta l  nucleus of adequate radius of curvature 

ex is t ing  f n  a modest volume of solution near i t s  melting point i s  poor and most 

aqueous solut ions can be supercooled to several  degrees below t h e i r  melting point 

before the  bargest nucleus i n  the solution wlll become c r i t i c a l  and i n t i a t e  i c e  

c r y s t a l  growth. It ha6 a l so  been demonstrated t h a t  increasing the concentration 

of a solution not only depresses the melteng point but a l so  depresses the super- 

cooling temperature by a comparable amount. 

When a t i s sue  o r  c e l l  suspension is  cooled below i ts  melting point,  super- 

cooling is thus almost invariably seen. When the temperature is lowered suff ic-  

ien t ly ,  the l a rges t  nucleus present becomes c r i t i c a l  and c r y s t a l  growth commences. 

If the r a t e  of heat  withdrawal i s  modest (slow cooling) this single  c r y s t a l  w i l l  

produce suf f ic ien t  l a t e n t  heat  to equal that removed and the  specben temperature 

w i l l  rise to i ts  melting point and freezing w i l l  continue without supernol ing.  

Since the i n i t i a l  supercooling demonstrated no nuclei  of c r i t i c a l  s i ze  near the  

melting point,  it follows that there can be no new c rys t a l  formation beyond the 

i n i t i a l  nucleating event. 

with continued freezing, no new nuclei  form since c r i t i c a l  s i z e  has a l so  been 

modified by the solute concentration. 

ou t  the specimen, can be responsible for the  e n t i r e  freezing process during slow 

cooling e 

As the melting point i s  reduced by solute  concentration 

Hhus, a s ingle  c rys ta l ,  branching through- 

With progressive freezing, the extracel lular  solution becomes concentrated 

and water leaves the c e l l ,  ult imately t o  add t o  the  i c e  crystal ;  the  c e l l  is de- 

hydrated and once i t s  f l u i d  content has been reduced below a c r i t i c a l  l e v e l  it 

i s  i r r eve r s ib ly  injured. (Fig. 1, top)  
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. FIGURE 1 

B: 
t o  add to the i c e  c rys t a lo  

w i l l  be low i f  the rate of c r y s t a l  growth i s  slow, 

vapor pressure equilibrium w i t h  the ice  and, as the temperature decreases, all 

freezable water w i l l  ul t imately be removed leading t o  ce l l  ingury. 

Middle: 

between ice and c e l l  steepens. 

temperature reduction further increases res is tance t o  diffusiono 

r a t e  is  fast enough, the  system may reach s tab i l iz ing  temperature before all the 

freezable water has l e f t  the c e l l ,  f u l f i l l i n g  the requirements f o r  c e l l  survivalD 

Bottom: 

mains i n  the c e l l .  

so lu te  concentration and in t r ace l lu l a r  qucleation takes place. 

l i t t l e  res i s tance  t o  diffusion between in t r ace l lu l a r  water and in t r ace l lu l a r  ice 

so tha t  a11 freezable water readi ly  c rys ta l l izes ,  possibly during thawing, 

During slow freezing water diffuses from the c e l l  and i t s  suspending medium 
" 1  

The concentration gradient between c e l l  and crystal 

The c e l l  i n t e r io r  w i l l  approach 

With more rapid growth of the i c e  c rys ta l ,  the  concentration gradient 

Increasing v iscos i ty  from concentration and 

When the cooling 

A t  ultra-high cooling velocit ies,  a grea t  deal of freezable water- re- 

The supercooling temperature i s  insuf f ic ien t ly  reduced by 

There i s  now very 
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. Effect  of Penetrating Cryoprotective Agents: When a penetrating cryopro- 

t e c t i v e  agent (CPA) such as glycerol i s  added t o  the  suspending solution some water 

w i l l  be hydrogen-bonded t o  the glycerol, becozeing mf reemble  Slthougki continuing 

t o  function as a solvent. 

glycerol-water complex w i l l  prevent dehydration beyond tha t  incompatible with c e l l  

surviva,l. 

If suf f ic ien t  glycerol is added, this unfreezable 

Survival Following Rapid Beezing Without Protective Agent: With lowering 

temperatures and progressive freezing, increased so lu te  concentration and temper- 

a tu re  reduction produce an increased viscosi ty  of the unfrozen solution and a de- 

creased rate of water t ransport  across c e l l  membranes. W i t h  m r e  rapid freezing, 

the concentration gradient which must ex i s t  between c e l l  and i c e  c rys t a l  i f  water 

is  t o  move from one t o  the other becomes greater; (Fig. 1, middle) t h a t  i s ,  more 

freezable water r enn ins  i n  the c e l l .  If t he  cooling rate is  su f f i c i en t ly  rapid,  

the preparation may cool t o  a s tab i l iz ing  temperature (below -60' to-80' C )  before 

a l l  freezable water has l e f t  the c e l l .  

m i n i m  f l u i d  phase requirements of the c e l l  w i l l  be m e t  and the c e l l  can survive. 

This unfrozen water does not c rys ta l ize  i n  s i t u  since i t s  supercooling temperature 

has been su f f i c i en t ly  reduced by solute  concentration t o  prevent nucleation. 

calorimetric s tudies  of rapidly frozen red c e l l s  demonstrate the existence of 

this unfrozen water. 

If su f f i c i en t  unfrozen water remains, the 

-7 

Our 

Enhancement of Recovery Following Rapid Freezing w i t h  Non-penetratine 

Protect ive Agents: 

are notably e f fec t ive  i n  reducing the velocity of i c e  c r y s t a l  growth. 

i n  the rate at  which water is  crystal l ized w i l l  enhance the tendency fo r  water t o  

remain i n  the c e l l ,  making non-lethal freezing possible a t  less demanding r a t e s  

Cryoprotective agents, both penetrating and non-penetrating, 

Reduction 

of cooling s 

Destruction by Ultra-rapid Freezinq: When cooling is ultra-rapid,  insuf f ic ien t  

5 
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opportunity is provided fo r  the diffusion of water from the c e l l  to the i c e  crystal .  

This i n  turn r e s u l t s  i n  insuf f ic ien t  concentration of c e l l  f l u i d  to lower the super- 

cooling temperature enough t o  prevent nucleation, and in t r ace l lu l a r  c rys t a l l i za t ion  

. 
1 
I 

I 

results. When i c e  forms within the cell, the  concentration gradient between ce l l  , 

f l u i d  and i c e  c rys t a l  is v i r t u a l l y  eliminated and it is  no Longer possible t o  

avoid the complete freezing out  of water. (Fig. l9 bottom) 

water i s  not c rys ta l l ized  during freezing, it w i l l  be durPng thawing. 

Even if  all freezable 

Since both 

Penetrating and non-penetrating agents tend t o  reduce c rys ta l l iza t ion  ve loc i ty  

and therefore  encourage the retent ion of i n t r ace l lu l a r  water, they w i l l  also 

f a c i l i t a t e  the nucleation of in t race l lu la r  ice ,  increasing the hemolysis of c e l l s  

through ul t ra-rapid freezing. 

m e  foregoing picture  of the f’reezing process i s  concerned only with the 

manner i n  which the development of i c e  influences c e l l  dehydration. 

question concerns the manner i n  which th i s  dehydration causes injury.  

present t he  various theories  found i n  the l i t e r a t u r e  can be classed i n t o  three 

general categories: 

The next 

A t  the  

1. Electrolyte Concentration. % i s  i s  the most familiar of the hypotheses, 

It a t t r ibu te6  in jury  to a concentration of e lec t ro ly tes  resu l t ing  from the freezing 

out  of water. The precise  mechanism by which e lec t ro ly te  concentration does damage 

has not been specified.  The evidence is  circumstantial ,  based la rge ly  on the ob- 

servation that freezing temperatures which k i l l  produce a concentration of elec- 

t r o l y t e  which i s  also injur ious i n  the absence of f reez ing . ( l )  We a r e  inclined 

t o  dismiss the salt concentration theory as a specif ic  hypothesis on the basis 

t h a t  it is  indistinguishable from dehydration. Cations, such as sodium and po- 

tassium a r e  strongly hydrated w i t h  a bond strength considerably i n  excess of 

the water-water interact ion,  of those i n  i ce ,  those between water and cryoprotective 

agents and, probably those between protein and water, other than perhaps the first 
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, monolayer. S a l t  can therefore be considered a dehydrating agent, As water is 

frozen ou t  of a salt  solution, the water of hydration of the salt w f l l  represent 

a proportionately larger amount of residual Piquid, 

. -  

The water of hydration of 

the salt i s  unavailable f o r  most other solvent functions so tha t  a high concen- 

t r a t i o n  of salt also means a high degree of effect ive dehydration. Conversely, 

a r t i f i c i a l l y  increasing the salt concentration t o  produce in jury  does not  neces- 

s a r i l y  cons t i tu te  evidence t h a t  salt concentration i s  the agent of injury. Since 

the salt itself i s  a dehydrating agent, increasing the concentration i n  a t i s s u e  

suspension effect ively decreases the amount of available water remaining. I n  

other  words, salt  concentration and dehydration are inexorably para l le l .  A sa l ine  

solut ion cannot be dehydrated without increasing the  salt concentration, nor can 

the  salt concentration be increased without dehydration. 

Nevertheless, t he  general notion of solute  concentration cannot be summarily 

re jec ted  as a possible vehicle by wbich dehydration e f f ec t s  injury. Ihe concen- 

t r a t i o n  of solutes  w i l l ,  of course, be re la ted  t o  the volume of solvent, Both 

e l ec t ro ly t e s  and carbohydrates appear to be readi ly  s o h b l e  i n  aqueous solutions 

of glycerol  and JBlSO. 

were able t o  dissolve a t  27' C; respectively, approximately 24, 18.5 and 13 grsma 

In  solutions of IBIS0 of 25, 50 and 75 grams percent we 

of Mac1 t o  108 ml of solution and 20.4, 1002, and 5.7 grams of KC1. Similar 

solutions of glycerol dissolved approximately 29.8, 27*5 and 22 grams of N a C l  and 

26, 20.5 and 16.5 grams of  KC^. When isotonic salt  solutions containing glycerol 

are frozen, the salt concentration, calculated on the basis of the t o t a l  solvent 

volume, does not exceed the so lub i l i t y  of the solution when the s t a r t i ng  eoncen- 

t r a t i o n  of glycerol i s  greater  than 1 M .  If the  e n t i r e  aqueous solution of cryo- 

protect ive agent i s  assumed t o  function as solvent, then injury from so lu te  con- 

centrat ion should bear a consistent relationship to the residual  l i q u i d  phase 

during freezing. 
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2. Physical Contact Theory. %is theory proposes t h a t  the removal of in-  

- . ters t i t ia l  w a t e r  from the  ce l l  r e s u l t s  i n  the  apposition and contact of surfaces 

I r revers ib le  bonds between them r e s u l t  which are normally separated by solvent. 

and s t ruc tures  are ruptured or dis tor ted  on rehydration. 

bonds from neighboring sulfhydryl groups or  by disu l f ide  interchange has been pro- 

posed as a specif ic  mechani~rn.'~) If it i s  the maintenance of a m i n i m  distance 

between opposing s t ruc ture  which i s  necessary to prevent the formation of undesirable 

linkages, then nothing more than a space-f i l l ing function i s  required of the in- 

tervening l i qu id  phase. 

related t o  the t o t a l  volume of res idual  l i qu id  phase. 

The formation of d i su l f ide  

In jury  from physical contact should therefore a lso be 

3. Structured Water Theory. Many models of protein and membrane propose 

layers  of water which contribute to protein s t a b i l i t y .  Some invest igators  feel  

t h a t  there  is a c6ndi:tion of mutual support, with the water being s t ab i l i zed  by 

the protein surface while t h i s  water i n  turn tends to s t a b i l i z e  the  configuration 

of the  protein.  

denaturation of the  protein.  

The removal of such water by freezing would presumably permit 

(4) 

Some of the water associated w i t h  protein i s  unfreezable. Literature figures 

f o r  the water of hydration of proteins  place it a t  f r o m  35% to 50$ of the proteSa 

dry weight depending on molecular weight. 

between 5 and LO$, or  20 to 50s of dry weight, i s  unfreezable. 

the unfreezable water associated with proteins may be monolayer water. 

in jury  must r e s u l t  from the removal of freezable water, i f  the s t ructured water 

theory i s  t o  be applied, w e  must presume addi t ional  layers  of water, presumably of 

decreasing order,  to be important f o r  protein s t a b i l i t y .  

paranthet ical ly ,  t h a t  many pur i f ied  proteins can be completely dehydrated without 

being denatured. This does not, however, inval idate  the s t ructured water theory, 

O f  the total water i n  most animal c e l l s ,  

This suggests t h a t  

Since c e l l  

It should be observed, 
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since it i s  not necessary t h a t  a l l  proteins be denatured t o  create  c e l l  injury.  

- Those sens i t i ve  t o  dehydration may w e l l  be those t h a t  cannot be i so la ted  o r  pur- 

i f i e d .  In  any event, the s t ructured water theory depends not on t o t a l  solvent 

phase o r  l i q u i d  volume but on the  presence and i n t e g r i t y  of 

freezable water which i s  affording s t ruc tura l  s t a b i l i t y  t o  proteins or perhaps 

a component of the 

serving some functional purpose i n  pores and micelles such as those of membrane 

and muscle. 

In summary, . "  both-=@ physical contact and the salt concentration theories  

require  tha t ,  for survival, the c e l l  must r e t a i n  a minimum volume of f l u i d  phase; 

the former t o  provide physical separation of s t ructure ,  the l a t t e r  t o  act  as a 

solvent. The structured water theory requires t h a t  su f f i c i en t  s t ructure  must re- 

main undisturbed t o  maintain protein s t a b i l i t y .  

examination of the relat ionship between residual  water, res idua l  t o t a l  f l u i d  phase 

(i  .e. additive-water complex) and c e l l  i n  jury might help t o  discriminate between 

On t h i s  bas i s  w e  f e l t  t h a t  an 

these a l te rna t ives .  

ments. 

Human erythrocytes were selected for  the  preliminary experi- 

The extent of dehydration from freezing can be modified i n  two ways. Firs t :  

as the  temperature i s  lowered below the freezing point,  addi t ional  water freezes 

out ,  increasing the dehydration. Second, the introduction of cryoprotective 

agents will subs tan t ia l ly  lower the melting point  and reduce the amount of i c e  

formed a t  any given temperature to a n  extent proportional t o  the amount of cryo- 

protect ive agent used. The experiments t o  be reported here consisted i n i t i a l l y  

i n  determining the  percentage of hemolysis of human erythrocytes a t  a va r i e ty  

of temperatures and cryoprobe t i v e  a g e a t  concentrations. 

One preliminary question t o  be answered concerned the rate a t  which samples 

should be frozen and the in t e rva l  of time t h a t  should elapse following a r r i v a l  

a t  the experimental temperature pr ior  t o  the measurement of hemolysis. Experi- 

ments concerned with the  storage s t a b i l i t y  of erythrocytes a t  temperatures 
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0 - between -10 and -40' C with l e s s  than f u l l y  protective concentrations of glycerol 

( O , 5  M to 2.5 M) s h q e d  a s t w d y  inerease i n  hemolysis with storage when the c e l l s  

were frozen by immersing ampules containing 2 ml al iquots  in to  a l i qu id  bath al- 

ready a t  the experimental temperature producing a cooling rate of between 10' 

and 30' C/min. On the basis of the hypothesis presented above, we postulated 

that t h i s  r e l a t ive ly  rapid freezing might produce a s i tua t ion  i n  which not a l l  

of the freezable ce l l  water had diffused t o  the i ce  c rys t a l  and t h a t  t he  subsb- 

quent continued hemolysis with storage might r e f l e e t  a slow continuing freezfng- 

out of water with a resul t ing increase i n  dehydration and injury.  On this basis, 

freezing a t  a very slow rate should produce a higher i n i t i a l  hemolysis but with 

s t a b i l i t y  on subsequent storage, 

Gpntrary t o  expectation, erythrocytes frozen by cooling a t  a r a t e  of 

Oe3'/min. showed a substant ia l ly  lower hemolysis after thawing i n  37' C water 

than a l iquots  which had been frozen by d i r ec t  immersion in to  a bath of t h e  same 

f inal  temperature. 

those necessary to produce intracel3silar i c e . )  

(Cooling rates produced by d i r e c t  immersion were far less than 

Samples slowly frozen showed no 

increased hemolysis over a storage period of several  hours. ifigure 2) 

In  searching f o r  an explanation f o r  the improved recovery of cel ls  slowly 

frozen a t  low glycerol concentration as compared t o  those more rapidly frozen, 

the p o s s i b i l i t y  of a thermal shock phenomenon was considered. L o ~ e l o c k ' ~ )  has 

reported experiments i n  which c e l l s  suspended i n  1 M NaCl could be hemolyzed by 

lowering t h e i r  temperature a t  a r a t e  i n  excess of 6 0 C/min. Since dehydration 

from freezing concentrates e lec t ro ly tes  it i s  c l ea r ly  possible, as Lovelock pro- 

posed, t h a t  thermal shock w i t h  continued cooling of the p a r t i a l l y  frozen c e l l s  

could be responsible f o r  some of the  injury. 

Although Lovelock f a i l e d  t o  demonstrate thermal shock w i t h  a rise i n  t e m -  

perature,  w e  f e l t  it advisable t o  explore the e f f ec t s  of very slow rewarming 

10 



" FIGURE 2 

.. Human erythrocytes suspended i n  1.5M glycerol i n  a balanced salt  solution eon- 

t a in ing  0.02 M potassium -no-phosphate, 0.02 M potassium diphosphate and 0.06 M 

potassium c i t r a t e .  4 13 - c e l l s  frozen by d i rec t  immersion of test tube con- 

ta ining 2 m l  a l iquot  in to  a bath a t  -26' C. 

is  seen over a 30-min. t i m e  interval .  -0- 

to  -26' C a t  0.3°/min. a f t e r  being seeded a t  -3' C. 

and no appreciable increase over a storage period of 4 days a t  -26' C. 

c 

A 

Progressive increase i n  hemolysis 

a l iquot  of the same c e l l s  frozen 

Much less hemolysis is  seen 
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0 i n  comparison with conventional rapid thawing i n  37 We were intrigued 

t o  f ind a subs tan t ia l  reduction i n  hemolysis following warming a t  0.3' Clmin. as 

compared to thawing a t  37' C. This was a consis tent  observation a t  a l l  tempera- 

tu res  and a t  a l l  less than- fu l ly  protecting concentrations of glycerol.  

duction i n  hemolysis with very slow thawing was not seen i n  erythrocytes frozen 

i n  the absence of glycerol. 

rates of freezing and thawing f o r  erythrocytes equi l ibrated i n  1 M glycerol. A 

similar relat ionship was demonstrated for glycerol  concentrations from 0.5 M t o  

C water. 

A re- 

Figure 3 i l l u s t r a t e s  the  relat ionship between two 

2.5 M, the highest  concentration investigated. 

t ions,  a l l  subsequent freezing and thawing procedures were car r ied  out  a t  0.3 

Slower rates of cooling and warming were not found t o  decrease hemolysis fur ther .  

We have not ye t  had an opportunity t o  explore faster cooling and warming rates t o  

determine t h e  maximum compatible with optimum recovery. 

Fresh human erythrocytes col lected i n  ACD solut ion 

On the  basis of these observa- 
0 C/min. 

Ekperimental Procedure. 

were allowed t o  sediment spontaneously. The packed cel ls  were withdrawn and re- 

suspended i n  a balanced salt  solution consisting of 0.02 M potassium mono-phosphate, 

0.02 M potassium diphosphate and 0.06 M potassium c i t r a t e ,  plus  glycerol o r  di-  

methylsulfoxide to  the desired concentration. 

concentrations i n  excess of 1 molar but were passed sequentially through solut ions 

of gradually increasing s t rength i n  order t o  avoid any in jury  which might r e s u l t  

from sudden osmotic change. 

cryoprotective agent (CPA) a la rge  excess of CPA solut ion w a s  used i n  order t h a t  

the cells could equ i l ib ra t e  w i t h  the solution and thus eliminate the necessi ty  

of measuring o r  calculat ing f i n a l  concentration on the  basis of the estimated 

l iqu id  phase of the c e l l s .  

Cells were not mixed d i r ec t ly  with 

On being suspended i n  the  f i n a l  concentration of 

Following equilibration i n  the f i n a l  concentration 

11 



FIGURE 3 

Hemolysis of erythrocytes suspended i n  a solution of 1 M glycerol plus  balanced 

salt solut ion,  

Aliquots were 2 m l  i n  size, contained in  10 x 75 ml tes t  tubes, hematocrit 20$. 

'Ihe freezing and thawing rates a r e  indicated i n  the  f l l u s t r a t ion .  

Rapid freezing, i.e., immersing the  sample in to  the bath a% the indicated tem- 

perature, w a s  apparently responsible for  increased hemolysis regardless of the 

thawing r a t e .  Slow cooling a t  0.3' C/min, caused l e s s  hemlys is  and thawing a t  

0.3' C/min. fur ther  reduced hemolysis as compared with thawing i n  a 37' 16 bath. 

Qual i ta t ive ly  similar results were obtained at glycerol concentrations from 0.5 PI 

to 2.5 M. 

l l a  
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the  c e l l s  were t ransferred again to an excess of @PA solution producing a f i n a l  

hematocrit of approximately 2 6  i n  which they were allowed to equi l ibra te  overnight 

a t  4' C, 

A number of 2 m l  al iquots  of each suspension were placed i n  20 x 70 mm tubes 

and t ransferred t o  a l iqu id  bath a t  0' C. 

temperature a t  the r a t e  of 0.3' C!/min. 

?he bath temperature was reduced i n  
0 

A t  -3  e, suspensions i n  1 molar CPA or  

less were seeded by touching each tes t  tube with dry i c e  j u s t  above the  meniscus 

of the blood suspension. 

2.5 molar a t  -10 C. 

pension w a s  removed a t  each 3 

Concentrations up to 2 molar were seeded a t  -7' C and 
0 As the bath temperature was lowered, an al iquot  of each sus- 

0 
increment and t ransferred to a p l a s t i c  beaker i m -  

mersed i n  the re f r igera ted  bath and containing l i qu id  a t  bath temperature. Tbfs 

beaker was then t ransferred t o  an insulated foam container i n  which i t s  spontaneous 

rate of warming was approximately 0.3 /mine 0 Following the  completion of thawing, 

the  hemolysis was measured by a comparison of the bpt ica l  density of the super- 

natant with t h a t  of the  en t i r e  suspension hemlyzed w i t h  saponin and corrected 

f o r  hematocrit. 

Ekperimental Results: Figure 4 i l l u s t r a t e s  the r e s u l t s  of such an experi- 

ment, Quite wide var ia t ions i n  the quantitative r e s u l t s  were observed from one 

sample of blood t o  another. However, all r e s u l t s  were consis tent ly  similar on a 

qua l i t a t ive  basis, with increasing concentrations of glycerol progressively de- 

creasing the percentage of hemolysis at constant temperature or,  conversely, per- 

mitt ing the  achievement of a lower temperature a t  a given l eve l  of hemolysis. 

Since, f o r  each combination of t qesa tu re  and glycerol  

f ixed proportion of water w i l l  have been frozen, it should be 

mine f o r  any sample of blood the precentage of hemolysis as a 

temperature and glycerol concentration, but of the proportion 

remaining e 

concentration, a 

possible to deter- 

function, not  of 

of l i q u i d  phase 

12 
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FIGURE 4 

Hemolysis as a function of final bath temperature for human erythrocytes SUB- 

pended in various concentratlons of glycerol in balanced salt solution. See text 

for experimental details. 
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Ekperimentally obtained values are current ly  being acquired but a r e  not ye t  

completed* 

point  depression the amount of i c e  which would be fom-ed a t  a given teqeret3ne 

and i n i t i a l  glycerol concentration. 

i n  osmotic equilibrium with the i r  suspending m e d i u m  and that the c e l l  membrane 

i s  permeable t o  the cryoprotective agent. 

solut ion i s  concentrated and, a t  any temperature, the unfrozen solution w i l l  have 

f o r  i t s  melting point  the temperature a t  which it current ly  ex i s t s ,  On t h i s  basts 

it i s  a simple matter to calculate  the proportions of glycerol and water remaining 

following freezing to any temperature. 

the presence of other solutes which a r e  a l so  being concentrated and which can a l s o  

lower the melting point. In  the absence of experimental data we have m e t  t h i s  ob- 

s t a c l e  simply by calculat ing two extreme s i tuat ions.  

portion of water frozen f r o m  a simple aqueous solution without other solutes ,  

The results of this calculation should yield estimates which a r e  erroneously high. 

We have a l s o  calculated t h i s  value assuming 1% sodium chloride i n  the i n i t i a l  solu- 

t i on  and assuming t h a t  as the salt  i s  concentrated i n  the remaining solution, it 

w i l l  further lower the melting point on a simple addi t ive basis with no in te r -  

act ions between the salt and the glycerol. 

roneously low value. 

The cor rec t  values are assumed t o  l i e  somewhere between the double l i nes .  

In t h e i r  absence we have attempted t o  calculate  on the basis of melting 

We have assumed i n i t i a l l y  that the c e l l s  are 

As water i s  frozen out, the  glycerol 

The s i tua t ion  is  complicated, however, by 

We have calculated the pro- 

'Ibis calculat ion should give an er- 

The re su l t s  of these calculations are i l l u s t r a t e d  i n  Figure 5 .  

Data from erythrocyte hemolysis experiments similar to those of Figure 4 

have a l so  been applied t o  t h i s  graph. 

three d i f fe ren t  un i t s  of blood were used. 

a t  which 10s hemolysis was observed has been t ransferred to the p lo t  of percent 

res idual  l i qu id  f o r  each appropriate glycerol concentration. 

for  the d i f fe ren t  glycerol concentrations, hemolysis shows no consistent 

Three d i f fe ren t  hemolysis experiments from 

I n  t h i s  i l l u s t r a t ion ,  the temperature 

It can be seen that, 



FIGURE 5 

The calculated total residual liquid phase (see text for details of calculations) 

when glycerol solutions of from 0.5 M to 2.5 M are frozen to temperatures from 

-5' to -40' C. From three temperature-hemolysis experiments, such as that of' 

Figure 4, the temperatures at which 16 hemolysis was produced have been trans- 

ferred to this plot of temperature vs. residual liquid, If injury were a eon- 

stant function of residual li-quid, lines joining these points should be parallel 

to the abscissa. 
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- rplat ionship t o  the amount of l i qu id  phase remaining. 

the lower the temperature and, accordingly, the higher the  i n i t i a l  glycerol con- 

centration, the greater  is  the volume of residual l i qu id  phase necessary t o  hold 

hemolysis a t  the 16 level .  I n  f a c t ,  it is  apparent from these curves t h a t  it 

i s  highly improbable t h a t  a l i nea r  re la t ionship between hemolysis and residual  

l i q u i d  phase could exist. 

equal hemolysis should be p a r a l l e l  t o  the abscissa. 

t o  d r a w  a horizontal  l i n e  which w i l l  in tercept  both the 2.5 M and the 0.5 M 

l i n e  a t  temperatures below -5 C. Above -5 C, hemolysis i s  never seen i n  the 

presence of 0.5 M glycerol. 

According t o  t h i s  data, 

. .  

For t h i s  t o  be t rue,  the l i n e  joining points of 

However, it i s  not possible 

0 0 

A second method by which the relat ionship between t o t a l  solvent phase and 

hemolysis might be tested, and one which avoids some of the assumptions regarding 

the solvent capacity of CPA solutions, i s  t o  compare the protect ive capacity of 

glycerol t o  t h a t  of some other  cryoprotective agent such as dimethylsulfoxide. 

W O ,  because of i t s  greater  water-binding capacity, has a greater  molal freezing 

point lowering coeff ic ient ,  so tha t ,  i f  t o t a l  l i qu id  phase is  the important fac tor ,  

DMSO should be more e f fec t ive  than glycerol on a molar basis, presuming f r e e  dif-  

fusion across the membrane by both compounds. 

i n  CPA-water solutions have been presented above. 

centrat ions of 1.5 molar o r  greater are frozen, the salt concentration is  not 

increased beyond these l eve l s  of so lubi l i ty .  

the order of 0.5 t o  1.0 molar do salt concentrations increase beyond 1%. 

these a r e  the concentrations of addi t ive a t  which glycerol and I8430 perform equally 

well, (Fig. 6)  it would appear that l imitat ions i n  so lub i l i t y  are probably not 

involved i n  freezing hemolysis. 

Values f o r  e lec t ro ly te  so lub i l i t y  

When solutions with CPA con- 

Only a t  low in i t ia l  concentration of 

Since 

Mgure 6 i l l u s t r a t e s  the relat ionship between hemolysis and temperature f o r  

varying concentrations of W O  as compared to  glycerol. The protection afforded 

14 



by 0.5 and 1.0 molar solutions i s  about the same f o r  both compounds, while a t  

higher concentrations glycerol i s  substant ia l ly  more effect ive.  

Discussion: On the assumption tha t  both solute  concentration and space- 

f i l l i n g  should be re la ted  t o  the  t o t a l  solvent o r  the total l iqu id  phase, freezing 

in jury  from these causes should show a re lat ionship to the  proportion of l i qu id  

remaining when some of the water i s  frozen ou t  as ice .  

pieces of evidence that t h i s  re la t ionship does not e x i s t  during the freezing of 

We have presented two 

human erythrocytes. 

freezing i n  glycerol solutions of 0.5 Mto  2.5 M to temperatures between 0 and 

-40' C, f a i l e d  t o  demonstrate a consistent re la t ionship between hemolysis and the  

calculated residual  l i q u i d  phase present a t  the f i n a l  temperature reached. 

First, measurements of the hemolysis of erythrocytes following 
0 

Second, 

a comparison between glycerol and dimethylsulfoxide under these same circumstances 

f a i l ed  t o  demonstrate e i t h e r  a quantitative or qual i ta t ive  relat ionship between 

the  protect ive capaci t ies  of the two, suggesting t h a t  t h e i r  protect ive a b i l i t i e s  

are not based on a non-specific solvent o r  water-binding capabi l i ty  but on some 

more spec i f ic  qua l i ty  of the CPA molecule i t se l f .  

I n  considering the  s t ructured water theory, w e  have found useful  a grossly 

over-simplified model, i n  which c e l l  water i s  present i n  three general categories.  

The first i s  unfreezable water of hydration, such a s  tha t  associated with cat ions.  

Also included i n  t h i s  category i n  the context of the present discussion would be 

the unfreezable water associated with proteins.  

A second category of water i s  t h a t  freezable component which, f o r  the pur- 

poses of a discussion of the  structured water theory, we w i l l  assume i s  e s sen t i a l  

t o  protein s t a b i l i t y .  One might postulate t h a t  t h i s  i s  composed of less ordered 

layers  of water with insuf f ic ien t  bond strength t o  compete successfully with i ce .  

The t h i r d  category, having the lowest bond energy, i s  the remaining water $ich 

i s  not engaged i n  hydration but which const i tutes  the "bulk" or "freezeA water 

of the c e l l .  

able 



FImJRE *k* 
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- * * %@ytbrocytes equilibrated with f i v e  concentrations of glycerol i n  cftrate-phosphate 

solut ion were frozen and thawed a t  0.3'/min. according t o  the standard procedure 

described i n  the text .  

FmJFa *IEb 
Aliquots of the same u n i t  of blood used i n  figure #a were equilibrated with f ive  

concentrations of dimethylsulfoxide i n  citrate-phosphate solution and t rea ted  

iden t i ca l ly  to those of figure 7a. ' h e  hemolysis of O,5  M and 1.0 M preparations 

was similar f o r  both the glycerol and ClMSO preparations, but the hemolysis curves 

of higher concentrations were both quant i ta t ively and qua l i ta t ive ly  d i f fe ren t  

when the two cryoprotective agents a r e  compared. 
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- f  When freezing occurs, a fourth form of water, ice, i s  introduced i n t o  the  

system. Since both the bulk water and the  protein s t a b i l i z i n g  water can be frozen 

mt ,  &le bond strength of i ce  i s  presumed exceeded only by t h a t  of the  water of 

I hydration. According t o  t h i s  picture ,  freezing i n i t i a l l y  removes bulk water with- 

out in jury  to  the ce l l .  However, as dehydration begins t o  involve the s t ab i l i z ing  

water, t h e  more l a b i l e  proteins become unstable and denatured. 

Now t o  this simplified system consider the addi t ion of CPA, the cryoprotec- 

t i v e  agent. Cryoprotective agent hydrogen-bonds with water with su f f i c i en t  

strength t o  prevent it from freezing, thus  placing CPA water i n  the bond energy 

hierarchy j u s t  below water of hydration and above ice. 

This l i n e  of reasoning, however, leads us i n t o  something of a dilema. If 

i c e  can compete successfully f o r  both bulk and ordered water, leading to protein 

denaturation, how can an agent which can compete successfully f o r  water i n  the 

presence of i c e  f a i l  to  be an even more ef fec t ive  denaturing agent than dehydration 

by freezing? !hat t h i s  i s  not generally t rue  i s  obvious from the fact t h a t  the 

presence of cryoprotective agent i s  tolerated i n  high concentration by many c e l l s  

and does, i n  f a c t ,  prevent in.jury from freezing. !%ere is no obvious way i n  which 

I the presence of a cryoprotective agent, successfully competing fo r  water i n  the  

I presence of i ce ,  could a t  t he  same t i m e  prevent the removal of a l l  water which i s  

I freezable i n  the absence of CPA. 

If the water essent ia l  t o  protein i s  indeed s t r ipped away by the superior 

competition of both ice and CPA, as i s  inevitable i n  t h i s  simple model, the only 

~ 

a l t e rna t ive  l e f t  is t h a t  the CPA must either s t a b i l i z e  o r  aubst i tute  f o r  water 

and thus maintain the s t a b i l i t y  of the protein. Were t h i s  the case, one would 

expect the effectiveness of cryoprotective agents t o  be related t o  some char- 

a c t e r i s t i c  of s t ructure .  Webb(6)has reached a similar conclusion i n  s tudies  on 

I the aerosol dehydration of bacter ia  and, i n  h i s  system, has reported protect ive 



I 

I 
" capacity to be associated with the "water-likeness'' of the  protect ive compound. 

We have not  ye t  had an opportunity t o  explore a wide var ie ty  of cryoprotective 
- r .  

agents. However, the data of Figure 6 i l l u s t r a t e s  t h a t  there  i s  indeed a quali- 

t a t i v e  as w e l l  as a quant i ta t ive difference i n  the  protect ive capacity of glycerol 

as compared with dimethylsulfoxide a t  intermediate concentrations. 

I n  summary w e  have concluded t h a t  in jury  from freezing i s  the  r e s u l t  of de- 

hydration and have presented a model whereby the varying e f f ec t s  of slow and rapid 

freezing, penetrating and non-penetrating cryoprotective agents, and in t r ace l lu l a r  

c rys t a l l i za t ion  can be explained on the basis  of t h e i r  e f f ec t s  on dehydration. 

We have also presented evidence t h a t  the  hemolysis of erythrocytes with 

freezing does not appear t o  be re la ted  t o  the t o t a l  res idual  l i qu id  phase as 

would be expected if solute  concentration o r  the simple f i l l i n g  of i n t e r s t i t i a l  

spaces were the primary fac tor  i n  survival following freezing. We f ind  the con- 

cept of water e s sen t i a l  t o  protein s t a b i l i t y  to be incompatible with the pro- 

t ec t ive  e f f ec t  of cryoprotective agents unless they are presumed t o  subs t i tu te  

o r  stabil ' ize f o r  water i n  which case the  effectiveness of a cryoprotective agent 

will depe~d  on Its a b i i i t y  t o  make t h i s  subst i tut ion ra ther  than simple "anti- 

freeze" properties.  
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